To evaluate the ocular and systemic factors influencing measurements of optic nerve head (ONH) parameters and retinal nerve fiber layer (RNFL) thickness with spectral-domain optical coherence tomography (SD-OCT) in healthy Chinese adults. METHODS. Adults ranging in age from 40 to 80 years were consecutively recruited from the population-based Singapore Chinese Eye Study. A SD-OCT instrument was used to measure ONH and RNFL parameters. A total of 542 eyes from 542 non-glaucomatous Chinese subjects were analyzed. Univariable and multiple linear regression analyses were performed to examine the effects of a range of ocular (e.g., intraocular pressure [IOP], axial length [AL], disc area) and systemic (e.g., blood pressure, serum glucose) factors on ONH and RNFL parameters. RESULTS. In multiple regression analyses, neuroretinal rim area was independently associated with age (␤ ϭ Ϫ0.006, P Ͻ 0.001), disc area (␤ ϭ 0.183, P Ͻ 0.001), IOP (␤ ϭ Ϫ0.009, P ϭ 0.008), AL (␤ ϭ Ϫ0.023, P ϭ 0.004), and lens nuclear color (␤ ϭ 0.042, P ϭ 0.001). Vertical cup-to-disc ratio was independently correlated with age (␤ ϭ 0.003, P Ͻ 0.001), disc area (␤ ϭ 0.207, P Ͻ 0.001), IOP (␤ ϭ 0.004, P ϭ 0.014), AL (␤ ϭ 0.010, P ϭ 0.008), and lens nuclear color (␤ ϭ Ϫ0.017, P ϭ 0.006). Average RNFL thickness was independently related to age (␤ ϭ Ϫ0.204, P ϭ 0.001), disc area (␤ ϭ 4.218, P Ͻ 0.001), signal strength (␤ ϭ 1.348, P Ͻ 0.001), and AL (␤ ϭ Ϫ1.332, P Ͻ 0.001). Disc area had the strongest effect on measurements of ONH parameters and RNFL thickness. CONCLUSIONS. In a non-glaucomatous population, optic nerve measurements with SD-OCT vary with disc area, age, IOP, AL, lens nuclear color, and signal strength, but systemic parameters have little influence. This information may be useful for interpretation of SD-OCT measurements. 1-5 Optical coherence tomography (OCT) offers cross-sectional quantitative assessment of the retinal nerve fiber layer (RNFL) and optic nerve head (ONH), potentially allowing for detection of early glaucomatous optic neuropathy.
D
espite years of research, current tools for glaucoma screening remain limited. [1] [2] [3] [4] [5] Optical coherence tomography (OCT) offers cross-sectional quantitative assessment of the retinal nerve fiber layer (RNFL) and optic nerve head (ONH), potentially allowing for detection of early glaucomatous optic neuropathy. 6, 7 Li et al. 8 recently evaluated the performance of RNFL measurements using time-domain OCT to screen for glaucoma in high-risk populations, and reported a moderate sensitivity (67%) and a high specificity (96%) for glaucoma diagnosis, when RNFL and ONH parameters were combined.
Studies have shown that RNFL measurements based on time-domain OCT are influenced by age, sex, ethnicity, axial length, and optic disc size in normal subjects. 9 -12 These studies, however, have been limited by inclusion of highly selected clinic-or volunteer-based samples, which are prone to selection bias. Furthermore, there have been no studies investigating whether ONH and RNFL measurements are influenced by the same set of ocular or systemic variables.
The development of spectral-domain OCT (SD-OCT or highdefinition OCT [HD-OCT]) now allows faster scanning speed and even higher image resolution compared with that of timedomain OCT. 13, 14 Knowing the range of ocular and systemic parameters that may affect SD-OCT measurements is crucial before SD-OCT can be considered for glaucoma screening, but there are currently no population-based studies that have evaluated the factors that influence SD-OCT measurements.
The aim of our study was to examine the influences of age, sex, and a range of ocular and systemic factors on the measurements of ONH and RNFL using SD-OCT (Cirrus HD-OCT; Carl Zeiss Meditec, Inc., Dublin, CA) in non-glaucomatous Chinese subjects from a population-based study.
METHODS

Study Population
Data for this analysis were derived from the Singapore Chinese Eye Study (SCES), a population-based cross-sectional study of eye diseases in Chinese adults, ranging in age from 40 to 80 years, residing in Singapore. In brief, subjects were selected, using an age-stratified (by 10-year age groups) random sampling method, from a computer-generated list provided by the Singapore Ministry of Home Affairs. The methodology and objectives of the study, modeled after the Singapore Malay Eye Study, 15 have been reported in detail elsewhere. 16 Written informed consent was obtained from each participant. The study adhered to the Declaration of Helsinki, and ethics committee approval was obtained from the Singapore Eye Research Institute Institutional Review Board. Participants underwent a standardized interview, systemic and ocular examinations, and laboratory investigations.
Subjects
Participants were consecutively recruited from February 2009 through July 2010. All subjects underwent a full ophthalmic examination, including measurement of logarithmic minimal angle resolution (log-MAR), best-corrected visual acuity testing, refraction, intraocular pressure (IOP), gonioscopy, visual field, and fundus examination. Subjects were excluded if logMAR Ͼ 0.5, there were evidence of macular disease, previous retinal or refractive surgery, neurologic diseases, or clinical features compatible with a diagnosis of a glaucoma suspect or glaucoma. A glaucoma suspect was defined as having any of the following criteria in the presence of normal visual field: (1) IOP Ͼ 21 mm Hg, (2) signs consistent with pseudoexfoliation or pigment dispersion syndrome, (3) narrow angles (posterior trabecular meshwork was seen for Ͻ180°during static gonioscopy), and (4) peripheral anterior synechiae or other findings consistent with secondary glaucoma. 17 Glaucoma was defined based on the presence of visual field defects (as described in the following text), regardless of the structural features, to avoid potential bias in the evaluation of the ocular and systemic factors influencing measurements of ONH and RNFL parameters with SD-OCT.
Visual Field Examination
Standardized visual field testing was performed with static automated white-on-white threshold perimetry (Swedish interactive threshold algorithm fast 24--2, Humphrey Field Analyzer II; Carl Zeiss Meditec). A visual field was defined as reliable when fixation losses were Ͻ20% and false-positive and false-negative rates were Ͻ33%. A visual field defect was defined as the presence of three or more significant (P Ͻ 0.05) non-edge-contiguous points with at least one at the P Ͻ 0.01 level on the same side of the horizontal meridian in the pattern deviation plot, and classified as "outside normal limits" in the Glaucoma Hemifield Test. All subjects included for the final analysis had a reliable and normal visual field (without a visual field defect).
Imaging
The commercially available SD-OCT instrument (Cirrus HD-OCT; Carl Zeiss Meditec, Inc, Dublin, CA) is an SD-OCT device with a scan speed of 27,000 axial scans per second and an axial resolution of 5 m.
18 This SD-OCT instrument images the ONH and peripapillary RNFL in an area of 6 ϫ 6 mm 2 , and samples 200 ϫ 200 data points in Ͻ1.5 seconds. With the latest software version 5.0, a series of ONH parameters including disc area, neuroretinal rim area, cup volume, average cupto-disc ratio, and vertical cup-to-disc ratio, in addition to RNFL thicknesses (average, clock hours, and quadrants), are derived automatically from a single scan. The details of the ONH measurements have been previously described, and good accuracy of the new ONH parameters to differentiate normal from glaucoma eyes has recently been demonstrated by Mwanza et al. 19 After pupil dilation using tropicamide 1% and phenylephrine hydrochloride 2.5%, ONH and RNFL scan acquisitions were performed for each participant using an optic disc cube 200 ϫ 200 scan protocol, which generates a cube of data in a 6 ϫ 6 mm 2 grid with 200 ϫ 200 axial measurements, following the recommended procedure (Cirrus HD-OCT manual). 20 In brief, the subject's pupil was first centered and focused in an iris viewing camera on acquire screen, and the linescanning ophthalmoscope (LSO) with "auto focus" mode was then used to optimize the view of the retina. The "center" and "enhance" modes were used to optimize the Z-offset and scan polarization respectively for the OCT scan to maximize the OCT signal. After each capture, motion artifact was checked with the LSO image with the OCT en face overlaid. Rescanning was performed if a motion artifact (indicated by discontinuity of blood vessels) or saccades through the calculation circle (3.46 mm diameter around the ONH) were detected. The OCT scans were excluded if there was the presence of RNFL or ONH algorithm segmentation failure. All the OCT scans included in the study had signal strength of at least 6, which is considered as acceptable quality. 20 We randomly selected one eye from each participant for final analysis because RNFL and ONH parameters are highly correlated between eyes in non-glaucomatous persons. 
21,22
Measurement of Other Ocular Factors
Measurement of Systemic Factors
Systolic and diastolic blood pressures were measured using a digital automatic blood pressure monitor (Dinamap model Pro Series DP110X-RW, 100V2; GE Medical Systems Information Technologies, Inc., Milwaukee, WI), after subjects were seated for at least 5 minutes. Body mass index (BMI) was calculated as body weight (in kilograms) divided by body height (in meters) squared. Current smokers were defined as those currently smoking any number of cigarettes (i.e., current versus past/never). The number of packs smoked per week was recorded. Nonfasting venous blood samples were analyzed at the National University Hospital Reference Laboratory for biochemical testing of serum total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, glycated hemoglobin (HbA1c), and glucose.
Statistical Analysis
Statistical analysis was performed using commercial analytic software (SPSS version 17.0; SPSS, Inc., Chicago, IL). Ocular variables (IOP, spherical equivalent, AL, ACD, CCT, and LOCS III score), systemic variables (age, systolic blood pressure, diastolic blood pressure, BMI, smoking, number of packs of cigarette per week, serum glucose, HbA1c, HDL cholesterol, LDL cholesterol, and triglycerides,) and SD-OCT (Cirrus HD-OCT) optic nerve parameters (ONH parameters and RNFL thicknesses) between males and females were compared with independent t-test or 2 test. Univariable and multiple regression analyses were performed to determine ocular and systemic factors (independent variables) associated with SD-OCT (Cirrus HD-OCT) measurements (dependent variables). We constructed two linear regression models in the multiple regression analysis. First, factors significant at P Ͻ 0.1 with any optic nerve parameters from univariable analysis and potential confounders (age, sex, and OCT signal strength) were included in Model 1. We then used stepwise regression with a backward selection procedure to include those dependent variables that contributed significantly only at P Ͻ 0.1 to the model (Model 2). We compared standardized regression coefficients (s␤), with higher s␤ values indicating stronger associations with optic nerve parameters. Because the calculations for rim area and average cup-to-disc ratio involve disc area in SD-OCT (Cirrus HD-OCT), the null hypotheses in the regression models are invalid and may cause mathematical coupling. 24 We thus corrected the linear regression coefficients of disc area in the multiple regression models according to a method suggested by Moreno et al. 25 We assumed that an upper bound on the measurement error in the disc area is 3% and the error is proportional to the measurement.
RESULTS
We excluded 23 subjects for the following reasons: motion artifact (n ϭ 11), unreliable RNFL (n ϭ 3), optic disc (n ϭ 3), or cup segmentation (n ϭ 6) scans due to algorithm failure. A total of 542 eyes from 542 healthy Chinese subjects were included in the final analysis: 300 (55.4%) subjects were male and 242 (44.6%) were female. The mean (SD) age was 53.0 (6.40) years (range, 44 to 73 years). The mean (SD) optic disc area, rim area, cup volume, average cup-to-disc area ratio, vertical cup-to-disc ratio, and average RNFL thickness were 2.00 mm 2 (0.39), 1.29 mm 2 (0.23), 0.19 mm 3 (0.16), 0.56 (0.13), 0.51 (0.13), and 97.6 m (9.1), respectively. Table 1 shows the demographics, ONH, and RNFL measurements. Females were more likely to have a higher IOP, a shorter AL, and a shallower ACD (all P Յ 0.013). Males were more likely to have a higher diastolic blood pressure, BMI, serum glucose, triglyceride levels, and lower HDL cholesterol level (all P Յ 0.002), and were current smokers (P Ͻ 0.001), although no significant difference in number of packs of cigarettes per week between males and females among the smokers (P ϭ 0.061). Males were likely to have a larger cup volume, average, and vertical cup-to-disc ratio (all P Յ 0.019). There was no significant difference in RNFL parameters between males and females. Table 2 shows the univariable analyses between ocular variables (IOP, spherical equivalent, AL, ACD, CCT, and LOCS III score) with ONH parameters and average RNFL thickness. Both ONH parameters and average RNFL thickness were correlated with spherical equivalent and AL (all P Յ 0.020). Disc area (r ϭ Ϫ0.200, P Ͻ 0.001), rim area (r ϭ Ϫ0.167, P Ͻ 0.001), and average RNFL thickness (r ϭ Ϫ0.155, P Ͻ 0.001) were significantly correlated with ACD. Disc area (r ϭ Ϫ0.087, P ϭ 0.043) and rim area (r ϭ Ϫ0.102, P ϭ 0.018) were significantly related to IOP. Rim area (r ϭ Ϫ0.088, P ϭ 0.042) and average RNFL (r ϭ Ϫ0.100, P ϭ 0.021) were significantly related to LOCS III cortical score; however, the magnitudes of the correlations were weak. There were no significant correlations between optic nerve parameters and CCT (all P Ͼ 0.1).
Associations of systemic variables (age, systolic blood pressure, diastolic blood pressure, BMI, smoking, number of packs of cigarette per week, serum glucose, HbA1c, HDL cholesterol, LDL cholesterol, and triglycerides) and SD-OCT parameters were also examined by univariable analyses. In general, ONH parameters and average RNFL thickness were not significantly associated with systemic variables (all P Ͼ 0.05), except for age, smoking, serum glucose, and HbA1c levels. Rim area (r ϭ Ϫ0.115, P ϭ 0.007), average cup-to-disc ratio (r ϭ 0.125, P ϭ 0.004), vertical cup-to-disc ratio (r ϭ 0.154, P Ͻ 0.001), and average RNFL thickness (r ϭ Ϫ0.154, P Ͻ 0.001) were significantly correlated with age. Disc area was significantly associated with smoking (r ϭ 0.088, P ϭ 0.041), serum glucose (r ϭ 0.118, P ϭ 0.006), and HbA1c (r ϭ 0.107, P ϭ 0.014) levels (data not shown). Table 3 summarizes the multiple linear regression analysis of the effects of age, sex, signal strength, disc area, IOP, AL, LOCS III nuclear color (NC) score, LOCS III cortical score, smoking, and serum glucose on (1) rim area, (2) vertical cupto-disc ratio, and (3) average RNFL thickness. Rim area was independently associated with age (␤ ϭ Ϫ0.006, P Ͻ 0.001), disc area (␤ ϭ 0.183, P Յ 0.001), IOP (␤ ϭ Ϫ0.009, P ϭ 0.008), AL (␤ ϭ Ϫ0.023, P ϭ 0.004), and LOCS III NC score (␤ ϭ 0.042, P ϭ 0.001). Vertical cup-to-disc ratio was independently correlated with age (␤ ϭ 0.003, P Ͻ 0.001), disc area (␤ ϭ 0.207, P Ͻ 0.001), IOP (␤ ϭ 0.004, P ϭ 0.014), AL (␤ ϭ 0.010, P ϭ 0.008), and LOCS III NC score (␤ ϭ Ϫ0.017, P ϭ 0.006). Average RNFL thickness was independently related to age (␤ ϭ Ϫ0.204, P ϭ 0.001), signal strength (␤ ϭ 1.348, P Ͻ 0.001), disc area (␤ ϭ 4.218, P Ͻ 0.001), and AL (␤ ϭ Ϫ1.332, P Ͻ 0.001). Cup volume was independently correlated with sex (␤ ϭ Ϫ0.033, s␤ ϭ Ϫ0.100, P ϭ 0.004), OCT signal strength (␤ ϭ Ϫ0.011, s␤ ϭ Ϫ0.068, P ϭ 0.050), disc area (␤ ϭ 0.254, s␤ ϭ 0.608, P Ͻ 0.001), IOP (␤ ϭ 0.006, s␤ ϭ 0.095, P ϭ 0.007), and LOCS III NC score (␤ ϭ Ϫ0.023, s␤ ϭ Ϫ0.107, P ϭ 0.002), whereas average cup-to-disc area ratio was associated with age (␤ ϭ 0.002, s␤ ϭ 0.119, P ϭ 0.001), disc area (␤ ϭ 0.199, s␤ ϭ 0.611, P Ͻ 0.001), IOP (␤ ϭ 0.004, s␤ ϭ 0.084, P ϭ 0.017), and LOCS III NC score (␤ ϭ Ϫ0.018, s␤ ϭ Ϫ0.110, P ϭ 0.002) (data not shown). The strongest association with all optic nerve parameters was optic disc area (had highest standardized ␤ values).
DISCUSSION
We report the ocular and systemic determinants of ONH and RNFL parameters measured by SD-OCT in a population-based sample of Chinese subjects. We showed that optic nerve parameters were significantly and independently associated with age, sex, signal strength, disc area, AL, IOP, and lens nuclear color. In these non-glaucomatous eyes, disc area had the strongest effect on ONH and average RNFL thickness measurements. There were no relationships between most systemic factors, ONH parameters, and average RNFL thickness.
Our results provide the first population-based data on optic nerve measurements obtained with the latest analysis software (Cirrus HD-OCT, version 5.0) in non-glaucomatous subjects selected by random sampling. In the multiple regression analysis, we showed disc area was independently associated with all the optic nerve measurements. A smaller disc area was related to a thinner neuroretinal rim, a smaller cup-to-disc ratio, a thinner RNFL thickness, a smaller cup volume, and a smaller average cup-to-disc ratio. An older age was independently associated with a thinner neuroretinal rim area, a larger vertical cup-to-disc ratio, a thinner average RNFL thickness, and a larger average cup-to-disc ratio. A longer eyeball was independently associated with a thinner neurioretinal rim area, a larger vertical cup-to-disc ratio, a thinner average RNFL thickness, and a larger average cup-to-disc ratio. Elevated IOP was related to a thinner neuroretinal rim area, larger vertical cup-to-disc ratio, larger cup volume, and larger average cup-to-disc ratio. A lower OCT signal strength was associated with a thinner RNFL thickness and larger cup volume. Increased lens nuclear color score was related to a thicker neuroretinal rim area, smaller vertical cup-to-disc ratio, smaller cup volume, and smaller average cup-to-disc ratio. CCT was not related to any optic nerve parameters. It is noted that the magnitudes of the correlations between ocular and systemic factors with optic nerve parameters were weak despite being statistically significant. Our findings were consistent with previous studies conducted in clinic-or volunteer-based samples largely measured by the time-domain OCT device, adding to the weight of evidence Model 1 includes age, sex, OCT signal strength, and the factors significant at P Ͻ 0.1 with any optic nerve parameters from univariable analysis. Model 2 includes the factors that contributed significantly only at P Ͻ 0.1 after stepwise regression with a backward selection procedure. CI, confidence interval.
* Male as the reference group. † Linear regression coefficients are corrected. 25 ‡ Current smoking as the reference group.
regarding the effects of age, ocular factors, and OCT signal strength on quantitative optic nerve measurements. 9 -12,26,27 An important parameter that had the strongest influence on ONH and RNFL measurements was the optic disc size (Table  3) , an effect independent of age, sex, signal strength, IOP, AL, cataract, smoking, and serum glucose level. The disc size showed variability in this non-glaucomatous Chinese population, with a range of 0.89 to 3.49 mm 2 . Previous findings also demonstrate the effect of disc size on neuroretinal rim and RNFL measurements, 9 -11 consistent with our findings. In contrast, a recent study 28 and a previous histologic study 29 did not find any relationship between disc size and RNFL thickness. Detection of abnormal ONH and RNFL measurements often requires comparisons with normative reference values. In fact, all commercially available OCT devices have acquired normative data sets collected from normal healthy subjects. The cutoffs for abnormalities are typically the bottom fifth percentiles of the normal distribution for a classification of "borderline," and the first percentile for a classification of "outside normal limit." In the current analysis software (Cirrus HD-OCT, version 5), individual measurements of each patient are compared with the reference values from a normative database adjusted only for age. 20 Disc area and other factors (e.g., AL, signal strength, and ethnicity) have not been taken into consideration. In addition, it has been reported that disc size affects the diagnostic accuracy of OCT for glaucoma detection. 30, 31 The strong effect of disc area on ONH and RNFL measurements suggests that optic disc size should also be considered in the assessment of such measurements and for comparisons with the normative database.
Except for age, systemic variables did not influence rim area, cup volume, cup-to-disc ratio, and RNFL measurements with SD-OCT in this study cohort. Our findings were consistent with some previous studies regarding the insignificant associations between systemic variables (e.g., blood pressure, lipids) and optic nerve in non-glaucoma persons. [32] [33] [34] Although some studies have reported that optic nerve parameters are influenced by systemic variables such as BMI and diastolic blood pressure, [35] [36] [37] [38] we have been unable to reproduce these results. Some of these studies were conducted in non-Chinese persons, and the optic nerve was measured by confocal scanning laser ophthalmoscopy or retinal fundus photographs manually in those studies. More studies are therefore needed to further confirm whether there is a link between systemic variables and optic nerve parameters. Moreover, it is noted that some results of the study should be seen as exploratory ones, and confirmatory studies are necessary to evaluate the findings that were considered statistically significant.
Glaucoma screening in the general population has been challenging, partly due to the lack of simple and cost-effective screening methods. [1] [2] [3] [4] [5] Using time-domain OCT, Li et al. 8 reported that a moderate sensitivity and a high specificity for glaucoma diagnosis can be obtained when RNFL and ONH parameters are combined, suggesting that OCT may be useful for glaucoma screening. The present study provides insights into the determinants of optic nerve measurements in a normal population, which are crucial to know before SD-OCT devices can be used for glaucoma screening in the general population. Further studies to evaluate the use of SD-OCT devices for glaucoma screening and the influence of the above-mentioned determinants on the diagnostic performance for glaucoma need to be undertaken.
The strengths of this study include its large unselected population-based sample, standardized assessment of systemic and ocular factors, and laboratory investigations. Our study had some limitations. First, optic nerve measurements with SD-OCT do not correct for ocular magnification, which may affect the accuracy of ONH and RNFL measurements. Second, optic nerve measurements were obtained from subjects ranging in age from 40 to 80 years. Their associations with sex and ocular factors may not be extrapolated to other age groups. Third, similar to other studies, the causal relationships between optic nerve and the factors are unclear, due to the cross-sectional nature of our data. Fourth, only ethnic Chinese were examined in this study and the findings may vary in other ethnic groups because ethnicity is also a factor that influences optic nerve measurements. 9, 10 Moreover, the measurements of serum glucose and lipids were not from fasting venous samples. Furthermore, lens opacity for each participant was assessed subjectively during the clinical evaluation by a single observer. Finally, there may be residual confounding factors that we have not controlled for, and that could have biased or modified the associations observed in our sample.
In summary, a variety of ocular factors such as disc area, AL, and signal strength influence SD-OCT optic nerve measurements in non-glaucomatous Chinese subjects. In contrast, few systemic parameters other than age and sex influence these measurements.
